Although lunar lithosphere is a huge resource of minerals, it is a challenge to efficiently extract metals and oxygen from the lunar soil for future exploration on the moon. This study combined the thermodynamic calculations and experiments to analyze metals and oxygen extraction from the stimulant lunar soil in argon and carbon atmospheres, respectively. In argon atmosphere, metals extraction from lunar soil was not significant. 0.3 moles oxygen was produced from 1.54 kmoles lunar soil. In carbon atmosphere, iron and its alloys were extracted from the lunar soil. 100 moles iron was obtained from 1.54 kmoles lunar soil at 1273 K.
INTRODUCTION
Lunar soil and rocks are substantial and rich resources for many minerals which could be exploited in the future. Processing and utilization of these 
THERMODYNAMIC CALCULATIONS
In this study, all the thermodynamic calculations were performed based on the Gibbs energy minimization method to determine the equilibrium concentration of metallic species produced from lunar soil in different atmospheres. Calculations assume that all gases in reactions are ideal and form ideal gas mixture, and that condensed phases are pure /19/. In this study, all calculations satisfy two principles: (i) total Gibbs energy of the system is minimum, and (ii) mass in the system is conserved. According to the thermodynamics, the total Gibbs energy of a system can ' be expressed by the following equation: where G is the total Gibbs energy of the system, g,° is the standard molar Gibbs energy of species i at temperature Τ and pressure P, n, is number of moles of species i, P; is the partial pressure of species i, Xj is mole fraction of species, and γ, is activity coefficient of species. The total Gibbs energy is minimized, with respect to the amount of species i in the system.
The calculations were carried out on the lunar soil simulant, JSC-1. Its composition is listed in Table 1 . Pascals (6000 psi) to make sample pellets. The sample pellets that were used in the argon atmosphere consisted of only lunar soil. The sample pellets for carbothemic reduction experiments were prepared by mixing JSC-1 and carbon power in the ratio of 1.5:1.
Characterization
In this study, the samples were characterized by Xray diffraction (XRD), scanning electron microscope (SEM), thermogravimetric analysis (TGA) and differential thermal analysis (DTA). After heattreatment, the composition of sample pellets was analyzed by XRD in a Philips PW3830 X-ray diffractometer. Their morphologies were characterized by Philips XL30 scanning electron microscope (SEM) with operating voltage of 20kV. In order to investigate the weight losses and thermodynamic properties of lunar soil, Perkin-Elmer Pyris Diamond equipment was employed to conduct TGA and DTA experiments.
RESULTS AND DISCUSSION

Thermodynamic analysis of JSC-1 in argon atmosphere
Mass conservation in the system was carried out as a
High Temperature Materials and Processes
function of temperature. Figure 1 shows the thermodynamic behavior of JSC-1 lunar simulant soil sample in argon atmosphere. The results demonstrate the composition of input materials in equilibrium in a temperature range of 373 to 1773 K. The composition of the lunar soil sample had no significant changes below 673 K. With the temperature increasing, some chemical reactions took place among oxidants, which formed the slag. So the composition of stable materials, for example Si0 2 , increased drastically in the input phases. This phenomenon also explained the fact that the temperature range of 673 to 973 Κ is critical in the extraction processes of lunar soil. Many reactions took place in this temperature range, and these are demonstrated in Figure 2 . Figures 2(a) to (f) show the possible products formed for all six elements: Si, Fe, Mg, Ti, Al, Ca respectively. Actually, in this inert atmosphere, slag formed but no metals or alloys were observed in the product phases. Therefore, the method using simple heat-treatment to extract or concentrate materials from lunar soil is not significant. Figure 3 shows the experimental results of the thermal analysis of the JSC-1 in argon atmosphere. TGA shows that the weight change of JSC-1 in argon atmosphere is less than 0.5% from 298 to 1473 K. Therefore, there are no significant volatile phases produced in the system when the 
Thermodynamic analysis of JSC-1 in carbon atmosphere
When JSC-1 was heated in reducing carbon atmosphere from the 373 to 1773 K, the behavior of lunar soil sample was observed quite differently in the inert argon atmosphere. The carbothermic reduction is a very important process to extract metal from lunar soil and rocks. Figure 5 displays the equilibrium composition of input phases for JSC-1 in carbon atmosphere. Unlike in the argon system, the composition of Si0 2 dropped at temperature above 1573 Κ due to the formation of FeSi. The results can be clearly displayed in figure 6 (a) and (b).
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temperature increased from 298 to 1473 K.
In DTA, two peaks can be observed in the range of 1273 to 1473 Κ that may be caused by the melting of Na 2 0 (melting point of Na 2 0 is: 1404.9 K; latent heat: 769.3 J/g). There is another peak occurring at 662 °C. However, the reason for this peak could not be ascertained due to complicated chemical reactions that occurred in the temperature range. The heat change may include the chemical reaction heat and the phase transformation energy of crystalline materials. The chemical reactions and phase transformation caused significant change in XRD pattern as shown in Figure 4 . 
Oxygen extraction from lunar soil
Oxygen production is another important task in moon exploration. As mentioned in the introduction section, many people are working in this field and trying to obtain oxygen usage by more economical methods.
This study also discussed the oxygen production while the metals and minerals were extracted from lunar soil. Figure 9 shows the results of oxygen production in argon and carbon atmosphere with a temperature range from 373 to 1773 K. In argon and carbon system, the production of oxygen is almost zero until the temperature is higher than 1473 K. At 1773 K, about 0.3 moles of oxygen appeared in gas phase. The mole fraction of oxygen in carbon system is much lower than that in argon atmosphere because oxygen reacts with carbon and form carbon monoxide and carbon dioxide.
Thus, oxygen production is not possible in carbon atmosphere. Cutler 151 proposed a complex carbothermal oxygen production plant in order to obtain a great deal of oxygen from the lunar soil. However, the fluorine needs to be transported from earth to moon, which will drastically increase the expense of the process. Therefore, the choice of agents is very important.
Energy requirement
Energy requirement was also studied as a function of temperature in the heat-treatment. The heat changes in argon and carbon are different. The carbon system exhibited less demand for heat than the argon system. In the carbon atmosphere, some exothermic reactions took place and produced a great deal of heat, which compensated for a part of the heat requirement during heat-treatment. For example, the exothermic reactions included oxidization of carbon and carbon monoxide. With the increase in temperature, the requirement of heat in carbon atmosphere became greater, especially above 1573 K. Above this temperature, the heat from exothermic reactions could not match the heat requirement of the heat-treatment any more (Fig. 10) . The results from energy requirement led to the conclusion that the use of reducing agents could significantly decrease the heat requirement in the metal extraction process from lunar soil. In the real process of extraction from lunar soil, the heat may be obtained from solar energy and other new power sources. 
Morphology analysis of samples
In the argon atmosphere, changes in shape of the sample pellets were observed after heat-treatment at 773 K, 1073 K, 1273 K, 1373 K, and 1473 Κ for 30 minutes.
Below 1273 K, there was no significant change in the shape of pellet samples. When the temperature increased to 1373 K, it was observed that the volume of sample started to shrink and decreased. At 1473 Κ the structure of the pellet collapsed and formed a small hillock. Figure 11 shows the sketches describing the process. 
CONCLUSIONS
This study combined thermodynamic calculations and experiments to discuss the metal and oxygen extraction process from simulant JSC-1 lunar soil. 
